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Laser powered dielectric structures achieve high-gradient particle acceleration by taking advan-
tage of modern laser technology capable of producing electric fields in excess of 10 GV/m. These
fields can drive the bulk dielectric beyond its linear response, and break the phase synchronicity
between the accelerating field and the electrons. We show how control of the pulse dispersion can
be used to compensate the effect of self-phase modulation and maximize the energy gain in the laser
accelerator.In our experiment, a high brightness 8 MeV e-beam is used to probe accelerating fields
of 1.8 GV/m in a grating-reset dielectric structure illuminated by a 45 fs laser pulse with a fluence
of 0.7 J/cm2.
Using intense optical fields for particle acceleration is
at the focus of much research in modern accelerator and
beam physics. Dielectric laser accelerators (DLAs) [1] are
photonic structures which mediate the transfer of energy
from a laser to electrons by overcoming the dephasing
inherent to laser-electron interactions in vacuum [2]. The
electron dynamics in a DLA are uniquely influenced by
both amplitude and phase of the drive laser wave, leading
to a rich environment for studying both material physics
and accelerator design.
An attractive feature of DLAs is the miniaturization
associated with their orders of magnitude smaller drive
wavelength as compared to conventional rf-based acceler-
ators. Nano-fabrication techniques [3–5] have driven the
introduction of novel accelerating, focusing, and diagnos-
tic structures [6–8]. At the same time, very large (multi-
GV/m) fields are achievable using commercial laser sys-
tems, thus offering the potential for widely available,
compact high energy accelerators for a variety of appli-
cations in science and industry [9].
Many DLA designs are based on a sub-wavelength
diffraction grating which accelerates electrons by scat-
tering a fraction of the incoming laser into a mode with
Bloch-type periodicity imposed by the grating λg =
2pi/kg. The scattered mode can resonantly interact
with electrons of velocity βz if the grating geometry
is chosen to satisfy the phase matching condition (i.e.
kg − ω/βzc ≈ 0). This technique for controlling the
fields at the optical scale has been experimentally demon-
strated using relativistic and non-relativistic resonant ve-
locities, at SLAC [10, 11], FAU Erlangen [12, 13], and
Stanford [14, 15].
Maintaining the phase-matching condition over multi-
ple cycles requires precise control of the laser envelope.
For short accelerating sections (small energy gains) this
means preparing the drive laser with a flat phase profile
in order to keep the accelerating wave synchronous with
electrons of a given energy. But as the incident electric
field is increased, the material begins to exceed the lin-
ear response of the dielectric structure and gives rise to
a variety of interesting phenomena including self-phase
modulation, self-focusing and induced free carrier den-
sity [16–19], which can distort the laser amplitude and
phase profiles. In particular, the optical Kerr effect can
accumulate in the dielectric substrate of the grating and
cause electrons to dephase from the drive laser, hindering
significant acceleration [20]. The study of soliton prop-
agation in nonlinear optics [16] suggests that negative
dispersion can effectively compensate this dephasing by
providing an opposite phase curvature to cancel the ef-
fects of nonlinear propagation.
In this paper we explore high field phenomena in di-
electric laser acceleration by externally injecting a high
brightness 8 MeV electron beam from the UCLA Pega-
sus photoinjector [21] to probe the GV/m accelerating
fields in the gap of a double-grating fused silica dielec-
tric structure. For intensities exceeding 7 TW/cm2, the
electron energy spectra indicate that significant dephas-
ing occurs due to nonlinear propagation of the drive laser
pulse through the bulk fused silica. We also demonstrate
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FIG. 1. Cartoon illustrating the fields in a dual-grating fused
silica DLA. The electrons (yellow arrow) propagate from left
to right through a vacuum gap between the gratings while
the laser (red arrow) travels from top to bottom before being
scattered by the grating layer. The star indicates the location
in a unit cell for which Fig. 4 illustrates E(t).
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2the effectiveness of a pre-compensation scheme based on
adding negative dispersion to the laser pulse to coun-
teract the optical Kerr effect and maximize the DLA-
induced energy modulation. Our observations are in ex-
cellent agreement with both time and frequency-domain
calculations and demonstrate that the peak accelerating
field in the vacuum gap of the DLA reaches 1.8 GV/m.
A cartoon depicting the electron based measurement
of the accelerating fields in a DLA is illustrated in
Fig. 1. The accelerating structure consists of two grat-
ings made by etching teeth 700 nm tall by 325 nm wide
with 800 nm periodicity into 500 µm thick fused silica
wafers. The wafers are then bonded together to leave
either a 400 or 800 nm vacuum channel [22, 23]. A
round 300 fC electron beam of γ0mc
2 = 8 MeV energy,
incident from the left, is focused (with rms dimensions
σ(x,y)∼10 µm, σ(x′,y′)∼1 mrad, σz∼1 ps) into the vac-
uum channel, whose small phase space aperture (hard
edge 400 nm × 0.5-1 mrad) permits only 1-2% of the
incident electron beam to be propagated downstream.
Using a fluorescent screen, the bunch is spatially over-
lapped with a Ti:Sapphire laser pulse (1/e2 wx = 45 µm
and wz = 500 µm, τFWHM∼45fs) which is propagating
in yˆ, perpendicular to the electrons, and polarized along
zˆ, the electron-beam axis. Relative time-of-arrival is first
found by using the drive laser to ablate a copper grid
located near the DLA , rapidly (< 1 ps) creating a long-
lived (∼15 ps) electron-gas which can distort a point-
projection image of the grid formed by focusing the elec-
tron beam before the grid [24]; time-of-arrival is then re-
fined using the laser acceleration signal itself. The result
of the interaction in the DLA is then assessed by mea-
suring the electron’s energy distribution with a magnetic
spectrometer.
The laser-induced energy spread, obtained from the
experimental energy spectra (an example is shown in
Fig. 2), is a direct measurement of the integrated ac-
celerating field, and can be used to infer the structure
efficiency if the input fields are known. Assuming the
laser pulse has many cycles, but is much shorter than
the grating structure, neglecting the small y dependence
of fields in the vacuum gap, and using kinematic electron
trajectories, we have:
∆E =
∣∣∣∣∫ ∞−∞ αE0E(~r = ~r0 + ~βct, t)dz
∣∣∣∣ cos(ωt0) (1)
where ωt0 is the electron’s injection phase, E(~r, t) is the
complex envelope of the Ez field incident upon the grat-
ing layer, ~r0 is the initial position of the particles and
α gives the fraction of the incident electric field ampli-
tude E0 =
√
2Z0I which is scattered into the accelerating
mode: ∂(γmc
2)
∂z = αE0E . Measuring the electron energy
spectra for a variety of incident field strengths (E0) and
envelopes (E (~r, t)) allows us to characterize the perfor-
mance of the accelerator.
All of the spectra exhibit a characteristic symmetric
broadening due to the uniform distribution of the initial
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FIG. 2. (a) An example electron energy distribution at
the spectrometer screen for typical laser-on(blue) and laser-
off(black) shots. Both spectra contain a total charge of nearly
3 fC. (b) Deconvolution of the two spectra on the left. The
shaded region bounds the variation caused by deconvolving
the on-shot on the left with many independent off-shots.
phases ωt0 for the 1 ps (rms) long electron bunch. The
resolution of the magnetic spectrometer, ∼3 keV (rms), is
the main contribution to the width in the laser-off shots
and is limited by the transverse size of the electron beam
and the point spread function of the YAG:Ce scintillat-
ing screen and its camera. Because of this, the laser-off
shots all have similar profiles (when normalized by total
charge), and we can determine the energy modulation
by de-convolving separate laser-on and laser-off distribu-
tions, as in Fig. 2(b), in order to retrieve the effect of
the laser acceleration. The deconvolution clearly shows
charge at three locations: the two peaks at ± 18.5 keV
are electrons at the phases corresponding to peak acceler-
ation and to peak deceleration, while the peak at zero is
caused by electrons which did not overlap with the laser
field. From the deconvolution we define a robust measure
of the maximum energy gain as half of the energy spread
which includes 75 percent of the charge.
We demonstrate the processes underlying high field ac-
celeration by extracting the electron energy gain as a
function of the incident pulse energy (Fig. 3) in a 400 nm
gap DLA. The drive laser is first compressed by maximiz-
ing the second harmonic generation from a thin nonlinear
crystal located in the same plane as the DLA, and then
the pulse energy is converted to E0 using the laser trans-
verse and longitudinal profiles, as measured by a camera
and frequency resolved optical gating (FROG) [25]. For
incident fields below 7 GV/m the energy gain increases
linearly, as expected from Eq. 1 and in agreement with
previous measurements [11, 22]. But above 7 GV/m the
energy gain rapidly saturates in a fully reversible process,
which we attribute to a rapid change in E caused by the
nonlinear Kerr effect.
Before the high-intensity laser reaches the grating
layer, it propagates through a 500 µm fused silica wafer
where it excites a third order nonlinear polarization
field which modulates the accelerating field probed by
the electron beam. The primary effect of the nonlin-
ear response is an intensity-dependent phase modulation:
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FIG. 3. Energy gain versus amplitude of the incident field.
The red region indicates the damage fluence. The indicated
uncertainty accounts for variation in both the laser-on and
laser-off shots. The dashed green line shows the simulated en-
ergy gain for a perfectly-aligned electron beam and the solid
green line shows a sample curve for an electron beam mis-
aligned within the experimental uncertainty. The saturation
is caused by dephasing, but the amplitude of the electric field
in the mode resonant with the electrons increases linearly to
1.8 GV/m
∆Φ ≈ n2Ik0L, with n2=2.48 · 10−16 cm2/W [26] consis-
tent with an independently measured z-scan [27] through
the substrate. In a simplified picture, this self-phase
modulation works to saturate the energy gain by forcing
an (otherwise synchronous) electron to sample a chang-
ing phase. For an incident electric field of 5 GV/m, the
peak phase change is nearly pi radians, causing the sign of
the field to flip, effectively halting the acceleration. This
description suggests a clear method for compensating the
saturation: use a grating pair to prepare a laser having
chirp with the opposite curvature of the nonlinear phase,
and thus accelerate the electrons with a flat phase.
A numerical simulation of the nonlinear DLA response,
discussed later and in the supplemental material, yields
a prediction we can compare to the measured energy
gain. We simulate two cases, shown as green curves in
Fig. 3: the first uses a single electron and perfect align-
ment between the laser, electron, and DLA (dashed green
line); while the second includes a realistic electron beam
distribution(σx = σy = 10 µm) and a sample misalign-
ment (x = 10 µm, y′ = 5 mrad) within the experimental
tolerances. In both cases ∆E rises linearly before satu-
rating, but because the drive laser is narrowly focused,
some electrons in the realistic beam see a lower field and
saturate at a higher (incident) E0. Once most individual
trajectories have reached saturation, the ∆E plateaus at
(a) (b)
(c)
FIG. 4. (a)Amplitude (solid) and phase (dashed) of the elec-
tric field before the DLA, retrieved from via FROG. The pulse
consists of a short peak of FWHM 45 fs with satellite lobes
caused by residual higher-order(3+) dispersion. (b) Ampli-
tude(solid) and phase(dash) of an E0 = 4.75 GV/m electric
field after simulated propagation through 499 µm of fused
silica. (c) Comparison of the waveform input to the FDTD
simulation (dark purple) and of the (longitudinal) waveform
evaluated at the position marked by a star in Fig. 1 (light
green). The input waveform has been scaled in amplitude
and offset in phase to aid the comparison.
a level set only by α and n2, independent of misalign-
ments, from which we obtain α = 0.2 ± 0.04. Since the
saturation is fully explained by dephasing, we can infer
that the magnitude of the longitudinal field in the mode
resonant with the electrons is αE0, or 1.8±0.3 GV/m for
the highest incident field measured in Fig.3.
The effect of the nonlinear material response on the
DLA energy gain is simulated in three steps (Fig. 4):
first, the incident amplitude and phase (up to a time-
reversal ambiguity) are reconstructed from the FROG
image of the laser pulse measured before the DLA ; sec-
ond, that beam envelope is propagated through 499 µm
of glass by solving a generalized nonlinear Schro¨dinger
equation (NLSE) (see supplementary material) using a
split-step Fourier solver on an adaptive grid [28]; and
finally the grating layer is simulated by the commercial
FDTD code Lumerical, [29] using the output of the NLSE
as a source.
For incident fields near E0 ∼ 5 GV/m the NLSE pre-
dicts significant nonlinear contributions to the effective
length of the accelerator. The propagator includes effects
such as self-focusing, self-steepening, Raman scatter-
ing [16] and multiphoton absorption [19], but in Fig. 4(b)
the dominant feature is the intensity-dependent phase
modulation. Self-focusing is evident in the increased
4value of E(t), while the effects of self-steepening and
multiphoton absorption are still quite subtle. Note that
free carrier generation is not included in the propagator,
because a post-hoc calculation of the free carrier den-
sity [17, 18] suggests that the induced phase change is
negligible compared to the Kerr effect until very near the
damage threshold.
One important result from the chain of simulations is
the observation that, independent of laser intensities we
studied, the grating layer preserves the complex ampli-
tude and phase of the input pulse (up to a scale factor
in amplitude and an offset in phase). This is shown in
Fig. 4(c) by comparing the waveform input at the grat-
ing layer to the waveform evaluated in the center of the
vacuum gap (marked by a star in Fig. 1). The input and
output pulses are nearly identical except for a small de-
layed reflection. This is a consequence of the fact that the
bandwidth of the laser remains smaller than the band-
width of the accelerator [30]. Thus, it is a good approx-
imation to bypass the computationally intensive simula-
tion of the grating layer and directly use the pulse enve-
lope at the entrance of the grating layer to track particles,
as in Eq. 1, with the calculated α = 0.18−0.23 depending
on the relative longitudinal alignment of the two grating
layers.
The variation of the field envelope input to the grat-
ing layer as a function of intensity are the cause of
the saturation observed in Fig. 3. This effect can be
pre-compensated by applying anomalous dispersion (i.e.
stretching the pulse to length τ) before the DLA so that
the Kerr effect ‘compresses’ the dispersed pulse to have
a flat phase. Without the nonlinear mechanism, the dis-
persion lengthens the pulse, but it also introduces a chirp
which causes electrons to dephase, keeping the energy
gain constant (i.e. independent of dispersion). When
the nonlinear propagation is included, the pulse has a
lower field (E ∝
√
1
τ ), but a longer interaction length
(Leff ∝ τ) is responsible for a net energy gain increase (∝√
τ). We can illustrate this process by re-writing Eq. 1
in the Fourier domain:
∆E =
∣∣∣∣∫ ∞−∞ αE0F
(
E(~k, ω)
)
[~r = ~r0 + ~βct, t]dz
∣∣∣∣ (2)
where E(~k, ω) is the accelerating field, Ez, written in the
Fourier domain, and F is the Fourier transform operator.
By exchanging the order of integration we find a Dirac
delta function enforcing the plane-wave phase matching
condition (δ (kg(βct)− ωt)) and we arrive at simple ex-
pression for the energy gain in terms of the laser spec-
trum:
∆E ∝ αE0 |E(ω = 0)| (3)
which shows that the energy gain is proportional to
the phase-matched (ω0) frequency component of the
laser electric field. Note that we have ignored the an-
gular distribution of the drive laser wavenumbers ~k,
which results in blurring the Dirac delta function to an
≈1 nm bandwidth. From this formulation, it follows that
dispersion—which does not alter the bandwidth of the
laser—will not change the energy gain of the DLA by it-
self. Self-phase modulation, however, changes the band-
width of the pulse by applying a nonlinear phase in the
time-domain so that the initial dispersion becomes a sen-
sitive parameter for a high intensity drive laser.
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FIG. 5. The contours illustrate a theoretical calculation of the
energy gain experienced by the electron beam as a function
of fluence and dispersion (as determined at the entrance to
the fused silica wafer). The scatter plot illustrates an exper-
imental measurement of the energy gain of an electron beam
interacting with such a drive laser.
Such behavior is well reproduced in the experimental
measurements and fully supported by the pulse propaga-
tion and particle tracking calculations (see Fig. 5). For
low pulse energy, decreasing the dispersion has no effect;
while for high pulse energy, decreasing the dispersion re-
sults in a rapid increase in energy gain. Experimentally,
the second order dispersion is controlled by adjusting the
spacing of the compressor gratings after the regenerative
amplifier. The introduced dispersion can be directly cal-
culated [31] and separately calibrated by offline FROG
measurements, while the optimum compression (or zero
dispersion) point is determined by second harmonic gen-
eration in a thin BBO crystal located in the same plane
as the DLA, as in Fig. 3. The data here are recorded us-
ing a DLA with an 800 nm vacuum gap (having smaller
α and larger transmission) in order to increase the signal-
to-noise ratio from the energy spectra. As in Fig. 3, the
differences between the simulation and measured data
can be attributed to uncertainty in the electron beam
parameters and alignment of the laser. Nonetheless, the
strong agreement over a wide range of parameters in the
fluence/dispersion scan demonstrates the importance of
5pulse shaping for accelerator optimization.
In conclusion, the fused silica, dual-grating, DLA
structure is shown to produce 1.8 GV/m accelerating
fields when driven by a 9 GV/m, 45 fs laser. Taking
advantage of such an intense power source requires elim-
ination of the intensity-dependent phase produced by
the Kerr effect, either by using thinner substrates or by
pre-compensating with anomalous dispersion. We have
demonstrated the effectiveness of shaping the pulse pro-
file for keeping electrons synchronous with the acceler-
ating wave over many periods. Our work highlights the
unique sensitivity of the DLA to pulse shaping of the
drive laser: where other laser accelerators, such as laser
plasma wakefield acceleration, are sensitive only to the
pulse envelope; the DLA is sensitive to both the intensity
and phase. This offers an extra degree of freedom in ex-
tending the acceleration region and controlling the beam
dynamics over significant lengths. For example, more
complex pulse shaping could be used to create alternate
gradient focusing [32–34], or as a means of changing the
resonant velocity.
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7SUPPLEMENTAL MATERIAL: NONLINEAR
PROPAGATION IN BULK FUSED SILICA
We use numerical laser propagation to relate the ex-
perimentally measured laser properties to the fields inside
the DLA. Where possible we avoid lengthy electromag-
netic simulations by taking the slowly varying envelope
approach. We describe a pulse propagating in the y di-
rection as as Aei(k0y−ω0t), where A, the envelope, can
take on complex values, but is assumed to vary slowly
relative to the optical fields. In a nonlinear medium this
approach leads to a generalized nonlinear Schro¨dinger
equation (NLSE) [16, 19]
∂A
∂y
=
[
Dˆf + Dˆs + Nˆ
]
(4)
where Dˆf , Dˆf , Nˆ are the diffraction, dispersion, and non-
linear operators, respectively:
Dˆf =
(
iλ
4pin0
)(
1− iλ
2pic
∂t
)(
∂2x + ∂
2
z
)
(5)
Dˆs =
(−i
2
)
k(2)∂2t −
1
2
α (6)
Nˆ =
(
i2pin2
λ
) ∣∣A2∣∣− 1
A
(n2
c
)
∂t
(
A
∣∣A2∣∣) (7)
− i2pin2
λ
Tr∂t
∣∣A2∣∣− β6
2
∣∣A10∣∣ (8)
Note that the equations are written in the moving
frame, t = t0 − y/vg, and include dispersion, k(2), ab-
sorption, α, six photon absorption, β6, and third order
polarization, n2, with a linearized Raman response, Tr.
Given an initial field profile A (x, z, y = 0), the field
after 500 µm of glass is calculated via a finite differ-
ence approach to Eq. 4. The propagation is implemented
using the ‘Generalised Adaptive Fast-Fourier Evolver’
(GAFFE) [28] which uses a split-step Fourier solver and
an adaptive grid in order to rapidly compute the right
hand side of Eq. 4 without aliasing.
The model inputs for these simulations are cataloged
in Table I. Note that the 6-photon cross section may be
calculated from the Keldysh formula in the low inten-
sity limit or fit to give an effective value at intermediate
intensities [18, 19].
For the relevant initial conditions we find that Kerr
self-phase-modulation is the primary nonlinear phenom-
ena, followed by self-focusing and then 6-photon absorp-
tion and self-steepening. Fig. 4(b) of the main text shows
the propagation of the envelope in Fig. 4(a) through
499 µm of fused silica for a peak field of 4.75 GV/m.
Self-phase modulation is evident in that the phase (dot-
ted) follows the intensity (the square of the illustrated
electric field). Self-focusing is also evident: the peak of
the envelope in Fig.4(b) exceeds that of Fig. 4(a). Self-
steepening is barely visible, but begins to present itself
more prominently as E0 increases. Similarly the 6-photon
TABLE I. Table of model inputs
Parameter value notes
Material
n0 1.45
n2 2.45·1016 cm2/W [26]
k(2) 36.163 fs2/mm
α 10·10−6 1/cm
β6 5·10−83 m9/W6 [19]
τr 3 fs [16]
Laser
λ 800 nm
wx 45 µm Gaussian
wz 500 µm Gaussian
τ ∼45 fs FROG trace
Energy 2− 200 µJ
absorption begins to erode energy from the peak which
alters the onset of filimentation in the pulse.
The generation of free carriers [18] is neglected in eq.(4)
because post-hoc estimates suggest that ∆n due to free
carriers is a small fraction of the ∆n due to self phase
modulation. At E0=5 GV/m—where self-phase modula-
tion saturates the DLA interaction (∆E)—multi-photon
absorption is still the dominate mechanism (the Keldysh
parameter is ∼3) and the maximum electron density is
estimated to be less than 1·1015cm−3, which would cause
a change in n 0.025% that of n2I. For E0 > 10 GeV/m
the free-carrier population begins to become significant
(but now increasing as ∼ I4), which likely contributes to
the observed damage threshold around that point.
